Effects of flecainide, a potent antiarrhythmic agent, on sodium channel availability was investigated in guinea pig single cardiac cells by the whole-cell voltage-clamp technique.
Interactions of Flecainide With Guinea Pig
Cardiac Sodium Channels accentuated by depolarization and attenuated by hyperpolarization. Long (200-msec) and short (10-msec) depolarizations yielded similar use-dependent block. These results indicate that flecainide has a low affinity for rested (R) and inactivated (I) channels but a high affinity for activated ones (A). In each of these states, the channels can bind to drug to form the corresponding RD, ID, and AD states. Recovery from flecainide block consisted of two components. An initial fast component was strongly voltage dependent: with increasing hyperpolarization, recovery developed more quickly and to a larger extent. At 170 C, the mean time constant shortened from 132±81.6 msec at -120 mV to 46.9±34.1 msec at ±160 mV (kinetics were too fast for accurate measurement at 370 C). A later slow component was largely voltage independent: at 370 C, the mean time constant was 9.8±3.2 seconds at -100 mV and 10.7±3.8 seconds at -75 mV. The slow component of recovery was similarly independent of voltage at 170 C. In terms of the modulated-receptor theory, our results indicate that the fast recovery depends on availability for unblocking (RD) but occurs during activation (AD>A).
Indeed, when the RD state is maximized by strong hyperpolarization, activation unblock was also maximized. However, during depolarization to -100 mV, availability for activation unblock declined with a time constant of 98±12 msec (RD=RID). Therefore, the voltage-dependent fast unblocking is mostly due to priming of the RD state (RD B=ID), and the voltage-independent slow unblock reflects dissociation of flecainide from closed states (RD=>R and ID=1). We conclude that flecainide interacts with sodium channels preferentially in the activated state, whereas unblocking occurs via two separate pathways: activated and closed states. Furthermore, drug association with channels shifts the voltage dependence of closed-state transitions (RD<ID) and their kinetics toward more negative potentials. (Circulation Research 1990;66:789-803)
Flecainide is a potent antiarrhythmic agent that blocks cardiac sodium channels in a timeand voltage-dependent fashion: reduction of maximum upstroke velocity (Vma) of the action are governed by membrane potential. Antiarrhythmic agents interact with these three states with characteristic association (k) and dissociation (1) rate constants.10 11 In terms of the modulated receptor theory,10 11 clinically useful antiarrhythmic agents usually have a low affinity for the rested state, while the affinity for activated or inactivated states is much greater.12 It is not known how flecainide interacts with the primary states of the cardiac sodium channel.
It is well established that diastolic recovery from block is voltage dependent.12'13 Recovery from block is usually hastened by hyperpolarization; it becomes slower on depolarization. This voltage dependence of recovery from block has been attributed to a faster dissociation rate constant for rested channels than for inactivated channels (lR> >l1).11
However, recovery from block is the sum of closedstate unblocking (RD=>R and ID=>I) and activation unblocking (AD=A).8 '14-19 According to Snyders and Hondeghem,19 activation unblocking critically depends on availability of drug-associated channels (RD). The availability for unblocking of drug-associated channels is augmented by hyperpolarization until inactivation is completely removed (all ID=>RD). Recovery from inactivation in drugassociated channels occurs at more negative potentials than in drug-free channels, and the slope of steadystate availability curve for the drug-associated channels appears reduced. 19 However, the kinetics for the state transitions of quinidine-associated channels were too fast to allow accurate determination of their voltage dependence. Such studies are inherently difficult at the level of Vmax or INa measurements, because transition between states in drug-associated channels may be invisible since drug-associated channels may not conduct sodium. If voltage-dependent kinetics of drugassociated channels can be determined indirectly, such information is very important to the understanding of drug action. Indeed, it has been proposed that drug binding does not modify the voltage dependence of channel gating .20 It has been established that quaternary compounds have a slow recovery from use-dependent block. 21 Moreover, there is considerable evidence that closedchannel unblocking is directly linked to the neutral species of the drug.22 '23 If only neutral drugs can readily diffuse from the receptor site while the channel is closed,10 then one would not a priori expect closed-state unblocking to be voltage dependent. Stated more strongly, the possibility exists that voltage dependence of recovery from block results primarily from activated-state unblocking; that is, the time constant of RD=>R and ID=>I may not be very different or voltage dependent. This hypothesis can easily be tested by studying recovery from block at various potentials, while using a test pulse that keeps activation unblocking minimal or at least relatively constant.
In the present study we Experimental data were derived from 78 single ventricular cells obtained from adult guinea pig hearts. Cells were dispersed by a procedure previously described in detail.8'924 Briefly, guinea pig hearts were perfused using a Langendorff apparatus. After washing out the blood, the heart was perfused for 3 minutes with a nominally free calcium solution and for approximately 10 minutes with 0.05% collagenase (types II and III, Worthington, Freehold, New Jersey) and 0.02% trypsin (GIBCO Laboratories, Grand Island, New York) solution. The heart was then minced, and the cells were dissociated by gentle trituration. After several washes, the cells were kept in modified KB medium25 for 2 hours and then stored in Medium 119 (GIBCO Laboratories) at 370 C in an environment of 95% 02-5% CO2 for 2-10 hours until use. Only cells that were rod-shaped and remained quiescent with clear cross-striations were selected for the study.
The bath had a volume of 0.5 ml and was perfused at 1 ml/min with a buffered salt solution that was heated to 37±0.5°C (for Vmax experiments) or cooled to 17±0.50 C (for INa experiments) by means of a Peltier device (Midland Ross, Cambridge, Massachusetts). For the Vm,,, experiments, the internal solution consisted of (mM) KCl At 370 C, Vm.,, was used as an indicator of sodium channel availability because above 20°C it is difficult to adequately control the sodium current.8 The membrane potential was clamped by a switching (6-10 kHz) single-electrode voltage clamp. To elicit a freerunning upstroke, the clamp was switched to the current-clamp mode for 10 msec (see arrows in top panel of Figure 1 ). During this time, a square current pulse (2 msec) was applied, and its amplitude was adjusted so as to induce an upstroke with constant latency. However, in contrast to multicellular preparations, latency appeared to have relatively little effect on Vm'a. The upstroke of the action potential was differentiated by use of a circuit that was linear up to 1,000 V/sec, and its peak was captured with a peak detector.26 After the 2-msec stimulus pulse, the cell was clamped to zero current to obtain a freerunning upstroke. The membrane voltage (top two tracings of Figure 1 , top) and their Vma (bottom two tracings of Figure 1 , top) were sampled at 40 kHz and analyzed on a pulse-by-pulse basis. The stimulus intensity was adjusted until all measured upstrokes in any train had a constant latency (±0.5 msec), and the potential at Vmax was constant (±3 mV). Under physiological circumstances (37°C, K0=4 mM, Ki= 120 mM), the cells had a resting potential of -81+3.6 mV (n=14) and an action potential shape that closely resembled that of multicellular preparations (left side of Figure 1 The kinetics of block development were also markedly dependent on membrane potential. Indeed, for Vmax at -90 mV (Figure 1 , bottom) and INa at -110 mV ( Figure 2 , right), steady-state block was approached during a train of 60 pulses, whereas at more positive potentials use-dependent block did not reach steady state in 60 depolarizations. Use-dependent block at more negative potentials could be well approximated by a single exponential. However, at 370 C, as the holding potential was made less negative, the sum of at least two exponentials was required to fit the onset of block; at -65 mV, a fast pulse constant of about 1.7 pulses and a slow pulse constant of about 100 pulses were required.
Activation dependence of block. We compared (by ANOVA) the amount of use-dependent block among three different pulse trains; short (10-msec) duration pulses with a 500-msec interpulse interval and long (200-msec) duration pulses with a 500-or 300-msec interpulse interval. All pulses were from a holding potential of -90 mV to +20 mV. Under control conditions, application of all three 40 pulse trains resulted in little or no reduction of Vm (<5%). In the presence of flecainide (3 ,uM), both long and short pulses with a 500-msec interpulse interval resulted in a significant reduction of Vmax (18.2±11.5% and 16.3±10.6% respectively,p<0.01; n=7). However, the reductions of V by long and short pulses were not significantly different from each other. Moreover, application of a train of long pulses separated by In Figure 3 (top), the increase of Vma after block induction as a function of time is shown at two holding potentials (-100 and -75 mV). Under control conditions the recovery from inactivation was virtually complete within 100 msec at both potentials. In the presence of flecainide (3 ,M), recovery Reference 19) . To study the relation of activationassociated unblocking with holding potential, a 60-pulse train at a cycle length of 500 msec was applied at various potentials after induction of maximal block by flecainide (see insets of Figure 5 ). The availability curves were fitted with Boltzmann equations (Table  4 ). In control, Vm,,, was maximal at potentials more negative than -70 mV ( Figure 5 , left) but declined steeply on depolarization and became unmeasurably small at potentials more positive than -50 mV (h-curve). When determining this curve in the presence of flecainide but after an unblocking train, the curve was only slightly reduced and shifted to more negative potentials by a small amount (changes were not statistically significant).
In contrast, when plotting V. of the first pulse of the unblocking train as a function of potential (filled diamond), the availability curve for activation unblocking (h'-curve) was markedly reduced and shifted to more negative potentials (-16.2±2.8 mV;p<0.001 by ANOVA). At the same time, the slope factor of the Boltzmann fit was significantly increased by +4.1+1.2 mV (p<0.001 by ANOVA). Although unblocking occurred during the pulse train, the increase of Vmax was rather small at potentials more positive than -70 mV. Availability then increased as the membrane potential was made more negative, until a maximum was reached near -100 mV. Thus, after block induction by flecainide, most of the increase in Vmaa occurred over the potential range where Vmax did not increase in control (-70 to -100 mV).
Qualitatively similar changes were observed at 17°C for INa ( Figure 5, right) . Changes of the standard availability curve were not statistically different in the presence and absence of flecainide. In contrast, availability for activation unblocking after induction of block (h'-curve) was shifted substantially in the negative direction (-33.9+3.8 mV;p<0.001 by ANOVA) and had a slope factor that was increased by +6.0+1.5 mV (p<0.001 by ANOVA). It should be noted that the observed voltage shift of availability curves was significantly (p<0.001) larger at 170 C than at 370 C.8 Figure 6 . After induction of block in the presence of 6 ,M flecainide, the preparation was hyperpolarized for 2 seconds, and after a variable conditioning time at -100 mV, a test pulse was applied. The potential of -100 mV was selected because in this preparation it was near the top of the availability curve (h) of the drug-free channels and at the bottom of the availability curve (h') for activation unblocking. As the conditioning time at -100 mV increased, the difference of recovery between -100 mV and the hyperpolarized potentials (-140 (7) 9.2±2.9 (7) 4.6±2.1t (7) Data are expressed as mean+SD. Percent unblock per pulse was calculated as the index of contribution of a single rized in Figure 8 . The circles were obtained from reduction in availability (similar to the experiment shown in Figure 7) ; the squares were derived from development of availability (similar to Figure 3 , bottom). The time constants exhibit the classic biphasic dependence on membrane potential both in control (Figure 8 , top) and following block by flecainide (Figure 8, bottom) Instead, block developed in a use-dependent fashion (Figures 1 and 2 ) and was more pronounced at a shorter interpulse interval and at less negative potentials but was similar for long and short depolarizations. In addition, during prolonged depolarizations at 370 C there was a slow component of block devel- Recovery from block was strongly voltage dependent; that is, the extent of Vmax recovery at more negative potentials exceeded that at more positive potentials ( Figure 3 ). However, except during the initial phase, the overall rate of recovery exhibited little dependence on voltage (Table 2 ). In addition, unblocking was greatly enhanced by pulses from in expermental protocols similar to those described in Figure   3 , bottom, whereas the squares were obtainedfrom experimental procedures similar to those described in Figure 7 . The curves represent a spline fit through the mean of the data points.
more negative potentials: use-dependent unblock (Figure 4 ). Kinetics and amplitude of usedependent unblocking were strongly dependent on holding potential, interpulse interval, and temperature. Such voltage-and time-dependent effects often result when the affinity of the drug for the sodium channel receptor is modulated by the state of the channel.12 State-Dependent Affinity of Flecainide for Sodium Channels Low affinity for rested channels. As with most antiarrhythmic agents,12 flecainide has a low affinity for the rested state of the sodium channel. Indeed, there was only a small reduction of Vmax and no detectable reduction of INa when holding at negative potentials where the rested state is prevalent. The small amount of tonic block (5.8±4.9%) observed at 370 C when holding at -90 mV may partly result from block of slow inactivated channels or activation block that developed during the upstroke of the test pulse but before reaching Vma. In any event, if flecainide does block rested channels, it must do so to a very small extent at concentrations below 3 ,M.
High affinity for activated and low affinity for inactivated channels. Long and short depolarizations both induce the activated state of the sodium channel, followed by a long or short period in the inactivated state. For drugs that block inactivated sodium channels,33 block during long depolarizations exceeds that for short depolarizations. Since flecainide blocked sodium channels to the same extent during long and short depolarizations, use-dependent block by flecainide must not be associated with block of inactivated channels. Therefore, our results strongly suggest that, except for very long depolarizations, most of the use-dependent block by flecainide is associated with activation.
Mechanisms of Unblocking
Recovery of Vmax and INa consisted of a strongly voltage-dependent early component, which was followed by a slower phase that appeared less voltage dependent.
Slow voltage-independent component of unblock is RD=>R and ID=I. At 370 C the slow recovery phase had a time constant of about 10 seconds, which is similar to that observed in multicellular preparations at a physiological temperature.23 This recovery was very slow at 170 C (we did not fully characterize this slow phase at 170 C as it required minutes for completion). For both Vmax andINa this slow component appeared to be virtually independent of voltage. No major change in rate of recovery was observed between -100 and -75 mV for Vmax ( Figure 3 , top panel) nor between -200 and -120 mV for INa ( Figure 3, bottom panel) . Since, over this potential range, drug-associated channels move between RD and ID states ( Figures 5 and 6 ), it follows that for flecainide RD=>R and ID=I cannot have very different kinetics and that the rate constants controlling this process cannot be very voltage dependent. Actually, when doing recovery experiments where the contributions of activation unblock are minimized by a depolarizing prepulse (such that RD=>ID but not R=I occurs), the slow recovery from block became independent of voltage ( Table 2) .
Fast voltage-dependent component of unblock is AD=M. The early phase of recovery was markedly voltage dependent. As a result, use-dependent unblocking from block by flecainide was enhanced by hyperpolarization ( Figures 2, 4 , and 5) until a plateau was reached near -110 mV (Vmax) or -160 mV (INa). This is qualitatively similar to previous observations for 0-demethyl encainide (Vmax, INa)8 and quinidine (INa)19: the voltage dependence of availability for activation unblocking (h'-curve) was shifted by -16 mV at 370 C and by -34 mV at 170 C compared with availability of drug-free sodium channels (h-curve), and its slope was reduced 2.0-fold at 37 C and 2.3-fold at 170 C (Table 4) .
Hyperpolarization promotes the transition from the inactivated drug-associated state to the rested drug-associated state (RD'¢=ID). 10, 1, 16, 17, 19 During the subsequent activation, activation block (A=.AD) and unblock (AD=>A) occur8, 14-19: dA/dt=-kA* [D] *A+1A* AD (1) Thus, when the occupation of the R pool is relatively large so that on activation the A pool exceeds the steady-state equilibrium described by Equation 2 , activation block occurs; when the RD pool is relatively large so that on activation the AD pool exceeds the equilibrium, activation unblock occurs (see Figure 2) . When virtually all channels are blocked (RD, AD, and ID), the INa that results on activation (RD>AD>A) becomes an indicator of the RD occupancy just before activation (first pulse in Figure   5 ). Based on this interpretation, it is clear that fleca-
inide-blocked channels become available (ID=ERD) over a potential range of -100 mV to -160 mV at 170 C and over the -65 to -100 mV range at 370 C. It is important to note that over this potential range the standard availability curve of drug-free channels (open circles in Figure 5 ) even in the presence of the drug (filled circles) was already maximal. In addition to this negative shift, the slope of the availability curve (h'-curve) is also much shallower than in control (Table 4) . To guard or to modulate. The reduced availability and hyperpolarized shift by flecainide could result drug-associated from altered voltage dependence of channel gating (the modulated-receptor theory)" or from a voltagedependent rate of interactions without alteration of gating (the guarded-receptor hypothesis).20 From the voltage dependence of the average availability of sodium channels (Table 4 and Figure 9 , top panel) and the mean time constant (Figure 8 and Figure 9 , middle panel) one can compute the voltage dependence of the rate constants for development of inactivation (,1) and recovery from inactivation (a) by the procedure described by Hodgkin and Huxley.9 This analysis ( Figure 9 , bottom panel) clearly shows that for drug-associated channels transitions (a' and ,1') between the rested and inactivated states (RD<ID) occur at more negative potentials than those (a and 1B) for drug-free channels (R<='I). It could be argued that such alteration results from isochronal, but nonsteady state, analysis. We do not believe so, because the closed state unblocking for flecainide is so slow, compared with the gating kinetics, that the isochronal analysis must provide a good approximation of the true voltage dependence of inactivation gating. More important is the experiment shown in Figure 6 . If voltage dependence of drug unblocking was not the result of altered gating of blocked channels, then on clamping to -100 mV, recovery should monotonically continue, albeit at the slow rate characteristic of -100 mV. Instead, after the apparent unblock during hyperpolarization, block appeared to redevelop while holding at -100 mV. The latter is not the result of a high affinity for the drug at this potential, because maintained holding potential at -100 mV leads to full unblocking with a very slow time constant. Indeed, the effect of the hyperpolarization dissipated quickly (r=98+ 12 msec), after which the slow recovery process typical for -100 mV became visible again. This biphasic behavior cannot be accounted for by a set of voltagedependent rate constants for unblocking as used by the guarded receptor. 20 This result is easily accounted for in terms of the modulated receptor theory10"11: after induction of extensive block, a strong hyperpolarization quickly eliminates inactivation (ID=ERD) . If the test pulse is applied from hyperpolarized potentials, then the blocked channels activate (RD4OAD). Since under this situation AD is occupied beyond the equilibrium of Equation 2 , activation unblock far exceeds activation block (few channels in A) resulting in net activation unblock and a sodium current: AD=>A. If, however, the test pulse is preceded by a pulse to -100 mV, then, because of the altered voltage dependence of gating (Figure 9) Figure 6 ). Gintant and Hoffman'7 have also shown that for quaternary lidocaine analogues (QX-314 and QX-222), prepulse hyperpolarization could induce more recovery from block if the test pulse followed shortly after the hyperpolarization. The above results support the modulated-receptor proposal that activation unblocking is voltage and time dependent primarily because drug-associated channels (like drug-free channels) exhibit inactivation and recovery from inactivation. However, the transitions between rested and inactivated states occur at more negative potentials for drug-associated channels than for drug-free channels. Voltage dependence of the AMAD transitions has been also proposed15,34 but was not studied in the present experiments.
It could be argued that strong hyperpolarization may alter the protonation of the drug and consequently speed up recovery from block. This argument would not apply for the quaternary compounds (QX-314 and QX-222) used by Gintant et al. 17 Moreover, since the drug on the receptor appears to be more under the influence of external pH than internal pH,35'36 hyperpolarization would attract H' and, thus, lower the pH at the channel receptor. This would promote the charged form of the drug and should slow recovery from block by trapping.21 Thus, since drug occupancy modifies channel gating and since recovery from block is not necessarily monotonic, our results are incompatible with the guardedreceptor hypothesis but conform to modulatedreceptor principles.
In summary, recovery from flecainide block is strongly dependent on holding potential mainly because availability for fast unblock during activation (RD=>AD=>A) is controlled by membrane potential.
In contrast, the slow unblocking from the closed states (RD>R and ID#4) appears to Our results clearly demonstrate that unblocking from closed states is a relatively minor route for unblocking of flecainide. Indeed, the slow recovery processes2,3 (r410-20 seconds) yields too little unblocking during one diastolic interval. For example, for a normal diastolic interval of about 500 msec, less than 3% of blocked channels can unblock. Instead, fast use-dependent unblocking appears much more important. Indeed, at -90 mV approximately 16% of blocked channels unblock per activation (Table 3) , and thus, at -90 mV activation unblock is five times more important than the slow diastolic recovery process. For shorter cycle lengths the relative importance of activation unblock would become even more significant.
On depolarization, the importance of activation unblock progressively declines. As a result, for pulses of fixed duration and to fixed potentials, as the resting potential becomes less negative, the level of block increases (e.g., Figure 1 ). Since the slow unblocking process is too slow and has a voltage dependence too shallow to account for these differences, by elimination they must result from the steep voltage dependence of activation unblock. Although there must be more activation block at -90 than at -65 mV (block is proportional to channels available for block; see Equation 1), the fact that Vm. at -90 mV is nevertheless larger than at -65 mV mandates that activation unblocking at -90 mV must be much larger than at -65 mV. The latter conclusion is clearly supported by Figure 5 .
Use-dependent unblocking as observed here endows flecainide with at least two potentially useful features. First, the drug will have more effect against tachycardias than normal heart rates. Indeed, at fast heart rates less time for development of availability for unblocking is present during diastole (IDIRD). Second, the drug will also have more effect in depolarized than in normal tissue because availability for unblocking develops less in depolarized tissue (see Figures 5-7 ). Tissues at resting potential near -90 mV will clearly exhibit much more activation associated unblocking than depolarized tissues. Since arrhythmias are frequently associated with depolarization, flecainide can by this means markedly depress conduction in the depolarized tissue responsible for arrhythmias, while interfering less with the conduction in normal tissue.
However, it should be noted that, in the absence of significant slow diastolic recovery, small changes in membrane potential will markedly alter the activation unblock. As a result, a therapeutic concentration at a given heart rate and membrane potential can easily become a toxic one at increased heart rates or serum potassium.12 This danger of agents that have slow time constants for diastolic unblock was previously discussed in detail38 and may be, in part, responsible for the increased sudden death by flecainide in a recent clinical trial.39
Conclusion
Our results show that flecainide binds primarily to the activated state of cardiac sodium channels. Recovery from block by flecainide consists of a fast and a slow process. The slow component is due to unblocking during closed states and is not very voltage dependent. The fast component is strongly voltage dependent and results from unblocking associated with activation. Availability for activation unblocking increases with hyperpolarization and decreases with depolarization, and its voltage dependence is shifted to more negative potentials and has a shallower slope than availability for activation in drug-free channels. These results are compatible with the modulated-receptor theory but not with the guarded-receptor hypothesis.
